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1
DRAM CONTROLLER FOR VARIABLE
REFRESH OPERATION TIMING

TECHNICAL FIELD

The present disclosure relates to DRAM memory control-
lers. In particular, this disclosure relates to variable refresh
timing to improve effective workload throughput.

BACKGROUND

The well known and characterized nature of DRAM
memory cells to leak charge used to represent stored logic
values requires the cells to be regularly and periodically
refreshed (read and re-written). If the cells are not refreshed
before the charge level diminishes significantly, data loss may
result. During the time consumed by a DRAM refresh opera-
tion, the portion of the memory (DIMM, chip, or rank) being
refreshed becomes unavailable for normal read and write
operations, rendering it unusable during that period of time.

A convergence of ongoing trends in DRAM design and
usage have caused an increase in the total amount of time
required for refresh, relative to the total amount of time the
memory is available for read/write operations. These trends
include increased memory capacity per system, increased
memory density per chip, the need to limit chip power supply
noise, higher leakage rates in shrinking chip technologies,
and shorter refresh intervals.

Because processor access to data contained in DRAM
memory is a critical factor in overall computer system per-
formance, workload and application throughput can be lim-
ited by the decreasing fraction of time that DRAM memory is
available for read and write operations. The introduction of
DDR4 memory devices included a number of options to
change both DRAM refresh interval timing, as well as the
amount of time taken for each refresh operation. These
options may be selected at any point in time, for example on
system boot-up. However, a fixed DRAM refresh setting may
not yield appropriate or suitable memory system throughput
characteristics for a workload which may change over time.

SUMMARY

One embodiment is directed to a method for selection of a
DRAM refresh timing in a DRAM memory system. The
method may include running a workload for a first number of
refresh intervals using a first DRAM refresh timing and mak-
ing a first workload throughput measurement for the first
number of refresh intervals. The method may also include
running the workload for a second number of refresh intervals
using a second DRAM refresh timing and making a second
workload throughput measurement for the second number of
refresh intervals. The method may further include deciding if
the first throughput measurement is greater than the second
throughput measurement, and then selecting the first DRAM
refresh timing as a selected DRAM refresh timing, or decid-
ing if the second throughput measurement is greater than the
first throughput measurement, then selecting the second
DRAM refresh timing as the selected DRAM refresh timing.

Another embodiment is directed to a memory controller
adapted to vary DRAM refresh timing. The memory control-
ler may include a refresh mode controller to control DRAM
refresh timing, and a memory performance measurement unit
adapted to measure workload throughput. The refresh mode
controller may monitor a workload throughput using a first
DRAM refresh timing, and workload throughput using a sec-
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ond DRAM refresh timing, and may select the DRAM refresh
timing of the greater workload throughput.

A further embodiment is directed to a method for selection
of'a DRAM refresh timing in a DRAM memory system. The
method may include determining and setting a first DRAM
refresh timing from hardware characteristic, and choosing to
dynamically adjust or not dynamically adjust the DRAM
refresh timing.

Ifdynamic refresh timing adjustment is chosen, the method
may also include running a workload for a first number of
refresh intervals using a first DRAM refresh timing and mak-
ing a first workload throughput measurement for the first
number of refresh intervals. The method may also include
running the workload for a second number of refresh intervals
using a second DRAM refresh timing and making a second
workload throughput measurement for the second number of
refresh intervals. The method may further include deciding if
the first throughput measurement is greater than the second
throughput measurement, and then selecting the first DRAM
refresh timing as a selected DRAM refresh timing, or decid-
ing if the second throughput measurement is greater than the
first throughput measurement, then selecting the second
DRAM refresh timing as the selected DRAM refresh timing.

Aspects of the various embodiments may provide
increased throughput while running a workload.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings included in the present application are incor-
porated into, and form part of, the specification. They illus-
trate embodiments of the present invention and, along with
the description, serve to explain the principles of the inven-
tion. The drawings are only illustrative of embodiments of the
invention and do not limit the invention.

FIG. 1A is a DRAM refresh timing diagram depicting 1x,
2x, and 4x refresh timings, according to embodiments of the
invention.

FIG. 1B is a graph of refresh overhead and maximum read
delay plotted for 1x, 2x and 4x refresh timings, according to
embodiments of the invention.

FIG. 2 is a graph of DRAM refresh operation time and
cumulative DRAM refresh time plotted against the number of
refresh operations per DRAM cell retention time, according
to embodiments of the invention.

FIG. 3A is a graph depicting memory throughput of six
high memory utilization applications run using 1x and
4xDRAM refresh timings, according to embodiments of the
invention.

FIG. 3B is a graph depicting memory throughput of four
low memory utilization applications run using 1x and
4xDRAM refresh timings, according to embodiments of the
invention.

FIG. 4 is a flow diagram of an exemplary process for
running a workload, monitoring, recording, and comparing
throughput results in order to determine, set, and adjust
DRAM refresh timing to run a workload with increased
throughput, according to embodiments of the invention.

FIG. 5 is a block diagram representation of a memory
controller according to embodiments of the invention.

Inthe drawings and the Detailed Description, like numbers
generally refer to like components, parts, steps, and pro-
cesses.

DETAILED DESCRIPTION

In general, the embodiments describe a memory controller
and a method for dynamically adjusting DRAM refresh tim-



US 9,250,815 B2

3

ing, according to workload performance measurements. A
computer system according to the invention may have
increased workload throughput while running a workload.

The density and cost-effectiveness of DRAM memory
devices have caused them to be widely employed in many
computer and electronic systems. It is well understood that
DRAM memory cells, in storing charge representing binary
data, have a finite data (charge) retention time (tRET) due to
charge leakage. In order to maintain data in the DRAM cells
beyond the charge retention time (tRET), the cells require
periodic refresh (reading and re-writing of data).

The time required to refresh the DRAM device is known as
lockout, due to the fact that during a refresh operation, the
DRAM device is locked out (unavailable) for application read
and write operations. Lockout time reduces the time that the
DRAM device is available for read and write operations.
Lockout time for a single refresh operation is know as unit
lockout, and cumulative lockout time over the DRAM cells
retention period (tRET) is known as total lockout time.
Refresh commands may involve all the chips in a particular
DRAM rank, making them inaccessible for read/write access
during a refresh operation.

As DRAM memory technology has advanced, a number of
individual factors have contributed to an increase in the por-
tion of time required for DRAM refresh operations. These
factors include higher density DRAM chips and systems,
resulting electrical noise issues, smaller geometry memory
cells with higher leakage and lower charge capacity, and
lower data retention times (tRET). The effect of increased
time required for refresh operations may be a decrease in
workload throughput, due to the DRAM devices being less
available for read and write operations. Memory throughput
may be a critical factor in overall computer system through-
put.

DRAM technologies prior to DDR4 offered a single (1x)
fixed refresh timing option. The introduction of DDR4
memory technology has added the ability to dynamically
switch between three available refresh timing options; 1x, 2x,
and 4x (described in greater detail in relation to FIGS. 1A &
1B). More than three timing options are contemplated, and
may become available in future DRAM memory technolo-
gies.

Processors in modern computer systems are often running
(multi-tasking) a number of applications and other processes.
For the purposes of discussion, a workload will be defined as
any combination of one or more software applications and
foreground or background processes that may be concur-
rently run on a processor or group of processors acting in a
coherent manner.

Workloads (including applications and other processes)
may exhibit what is termed phase behavior. During various
time periods of a workload or application, workload through-
putdemands may vary, according to what phase the workload
is in. For example, when an application first starts running, it
may enter a phase of loading a large amount of data from a
disk drive into memory. The application may then enter a
phase of relatively few memory accesses as it waits for user
input, followed by various phases of memory activity bursts,
followed finally by a phase involving a large transfer of data
from memory back to disk as the application terminates.
During the various phases, the memory throughput demands
may vary widely as may the ratio of memory read to write
commands.

Also for the purposes of discussion, memory will be
defined as any arrangement of DRAM devices, which may be
organized by chip, DIMM, channel, rank, or other means, and
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accessible through a memory controller device. Memory
commands may include read, write, or refresh operations.

For the purposes of discussion, DRAM refresh timing
includes two parameters that may be varied by selecting one
of'1x, 2x, or 4x refresh timing modes; refresh interval (tREF1)
and refresh operation time (tRFC). Itis important to note that
tRFC is the unit refresh time; the refresh time for one indi-
vidual refresh command to be executed, and includes both the
actual time for the refresh operation, as well as a finite over-
head time to initiate the refresh command. tRFC may also be
called unit lockout time. The refresh interval (tREFi) is the
length of the time period between the start of two adjacent
refresh commands. For each of 1x, 2x, or 4x refresh timing
modes, tREFi and tRFC have fixed, interrelated values.
Examples of these parameters are discussed in reference to
FIG. 1A, 1B.

Additional related DRAM refresh timing parameters
include per cell data retention time (tRET) and the number of
refresh commands issues per chip (Nref) within the retention
time (tRET) by a memory controller. Every DRAM memory
cell must be periodically refreshed within one tRET time,
otherwise the data in that cell may be lost.

Memory parallelism is a term that refers to the number of
parallel paths that may be used to access (read, write, or
refresh) the contents of a memory structure. A memory struc-
ture or device with a high degree of parallelism has multiple
paths that may be used to access its contents. Paths may be
associated with independent ranks, memory chips, or access
channels from a controller(s). Conversely, memory with low
parallelism may have few or only one access path. An access
path may include busses for commands and data flow into and
out of the memory.

Memory architectures that have less parallelism generally
yield workload throughput improvements when shorter
refresh intervals (e.g.; 4x) are implemented, and memory
architectures that have greater parallelism generally yield
workload throughput improvements when longer refresh
intervals (e.g.; 1x) are implemented.

The introduction of adjustable refresh timing was intended
to minimize average wait time for a read operation which
arrives at a memory controller while refresh is in progress.

However DRAM refresh timing settings that are fixed may
not yield suitable memory throughput for a workload with
changing memory access demands.

Embodiments of the invention make use of the ability to
dynamically switch between multiple refresh timing options
during workload run time, in order to adapt DRAM refresh
timing to specific workload conditions, which may yield
increased workload throughput. FIGS. 1A and 1B depict
exemplary DRAM refresh timing characteristics, and illus-
trate the differences found between 1x, 2x, and 4x operation
modes.

FIG. 1A is a DRAM refresh timing diagram depicting 1x,
2x, and 4x refresh timing characteristics, according to
embodiments of the invention. Each of 1x Mode 102, 2x
Mode 108 and 4x Mode 116 illustrate a regular periodic
refresh operation’s frequency and duration relationships over
time.

1x Mode 102 illustrates the slowest (least frequent) refresh
mode available for DDR4 memory technologies. This mode
also depicts timing available in memory technologies avail-
able prior to DDR4, such as DDR, DDR2, and DDR3. The 2x
Mode 108 and 4x Mode 116 were newly introduced in DDR4
technology, and were not available in prior DDR technolo-
gies.

1x Mode 102 has a refresh interval tREFi 1x 104, and a
refresh operation time (lockout period) tRFC 1x 106. While
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operating in 1x Mode 102, a DRAM receives regular refresh
commands at a repeating time interval of tREFi 1x 104. Each
refresh command initiates the refresh of a group of DRAM
memory cells. During the tRFC 1x 106, a refresh operation
takes place on particular memory ranks, prohibiting any read
or write commands to be executed on the affected ranks until
the completion of the tRFC 1x 106. The cycle comprised of
tREFi 1x 104 and tRFC 1x 106 regularly repeats until the
refresh mode changes, or the memory system is disabled.

Each refresh operation time tRFC 1x 106 includes time for
refresh operations on the DRAM, as well as additional time
(overhead) required to initiate the refresh operation. For an
exemplary DDR4 DRAM operated in 1x Mode 102, a total of
8,192 refresh operations may be completed within one
DRAM cell retention time (tRET). A small portion ofthe cells
of'the DRAM chips are refreshed during each refresh opera-
tion.

2x Mode 108 has a refresh interval tREFi 2x 110, and a
refresh operation time (lockout period) tRFC 2x 114. The
refresh interval tREFi 2x 110 is /2 the duration of tREFi 1x
104, and tRFC 2x 114 is approximately %2 of the duration of
tRFC 1x 106. Similarly to 1x Mode 102, while in 2x Mode
108 a DRAM receives regular refresh commands at the
repeating time interval tREFi 2x 110, refreshes particular
ranks during the tRFC 2x 114, prohibiting read and write
operations until the refresh is complete. The refresh cycle
regularly repeats until the refresh mode changes, or the
memory system is disabled. Each refresh operation tRFC 2x
114 has % the time allocated for refresh operations as tRFC
1x 106, and also includes overhead time required to initiate
the refresh operation. For an exemplary DDR4 DRAM oper-
ated in 2x Mode 108, a total of 16,384 refresh operations may
be completed within one DRAM cell retention time (tRET).

4x Mode 116 has a refresh interval tREFi 4x 112, and a
refresh operation time (lockout period) tRFC 4x 118. The
refresh interval tREFi 4x 112 is %4 the duration of tREFi 1x
104, and tRFC 4x 118 is approximately % of the duration of
tRFC 1x 106. Similarly to 1x Mode 102, while in 4x Mode
116 a DRAM also receives regular refresh commands at the
repeating time interval tREFi 4x 112, refreshes particular
ranks during the tRFC 4x 118, prohibiting read and write
operations until the refresh is complete. The refresh cycle
regularly repeats until the refresh mode changes, or the
memory system is disabled.

Each refresh operation tRFC 4x 118 has V4 the time allo-
cated for refresh operations as tRFC 1x 106, and also includes
overhead time required to initiate the refresh operation. For an
exemplary DDR4 DRAM operated in 4x Mode 116, a total of
32,768 refresh operations may be completed within one
DRAM cell retention time (tRET).

The overhead required for initiating a refresh command is
typically a fixed amount of time, regardless of which mode
(1x, 2x, or 4x) the DRAM is operating in. Accordingly, the
total amount of command initiation overhead is proportional
to the number of refresh commands (Nref) issued within a
given tRET time period. A DRAM operating in 2x refresh
mode, therefore, will require twice the refresh command ini-
tiation overhead as when it runs in 1x refresh mode.

The lockout period for each refresh mode is comprised of
the actual time allocated for refresh operations, plus com-
mand initiation overhead for initiating the refresh operations.
The effect of running a DRAM in a 2x or 4x refresh mode
may be more available time intervals for read and write opera-
tions, and smaller, but more frequent lockout times periods.
Theresulting shorter tRFC, may allow pending read and write
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6

commands be completed more quickly, i.e., lower average
latency, by avoiding long wait times during relatively long
tRFC 106 times.

FIG. 1B is a graph of exemplary refresh lockout (%) and
maximum read delay (nS) plotted for 1x, 2%, and 4x refresh
timings, according to embodiments of the invention. Curve
152 depicts atrend of decreasing maximum read delay (nS) as
refresh timing progresses from 1x to 2x to 4x modes. Curve
154 depicts a trend of increasing refresh lockout (%) as
refresh timing progresses from 1x to 2x to 4x modes.

The increasing percent of time consumed by DRAM
refresh operations as the refresh mode progresses from 1x to
2x 1o 4x, indicated by curve 154 includes the cumulative
effect of an increased number of refresh command initiation
times for 2x and 4x refresh modes. While the actual time
consumed by refresh operations in 1x, 2x, and 4x modes is
identical, the added command initiation time for 2x and 4x
mode refresh operations causes the percent of time consumed
in lockout periods (refresh time added to command initiation
time) to increase, as the number of individual refresh opera-
tions increases. An increasing percentage of time used in
lockout periods results in a decreasing percentage of time that
the DRAM is available to process read and write commands,
and thus perform useful transactions.

The decreasing maximum read delay (nS) as refresh timing
mode progresses from 1x to 2x to 4x, indicated by curve 152
includes tRFC 2x 114 and tRFC 4x 118, offset by the duration
of a refresh command initiation time. The result of a smaller
tRFC than tRFC 1x 106, is that memory latency for read and
write operations is shortened compared to tRFC 1x 106,
allowing read and write transactions to complete more
quickly.

The DRAM Refresh vs. Max. Read Delay 150 therefore
illustrates the tradeoffs of refresh lockout (%) vs. maximum
read delay (nS). 1x refresh timing yields relatively long maxi-
mum read delay but low refresh lockout, while 4x refresh
timing yields relatively short maximum read delay but higher
refresh lockout. 2x refresh timing yields intermediate values
of both refresh timing and maximum read delay.

FIG. 2 is a graph of DRAM refresh unit lockout time tRFC
202 and cumulative DRAM refresh time Nref*tRFC 204 per
tRET period plotted against the number of refresh operations
Nref per DRAM cell retention time (tRET), according to
embodiments of the invention.

As the number of refresh operations Nref per DRAM cell
retention time (tRET) increases, DRAM refresh operation
time tRFC 202 decreases asymptotically to a minimum value.
Simultaneously, the cumulative DRAM refresh time
Nref*tRFC 204 in tRET period increases exponentially from
a minimum value, due to the overhead of refresh command
initiation. Both the tRFC 202 and Nref*tRFC 204 curve
shapes are influenced by refresh command initiation time. At
large values of Nref, the refresh command initiation time
multiplied by the number of refreshes (Nref) may become the
largest part of Nref*tRFC 204. Both unit lockout time (tRFC)
and total lockout time Nref*tRFC 204 parameters, may affect
workload performance. High unit lockout time (tRFC) may
cause delay in executing read and write commands. A high
value of Nref*tRFC 204 may cause the DRAM to be less
available due to excess lockout time.

FIG. 2 illustrates a performance tradeoff between average
read delay, and total DRAM lockout time for refresh. Differ-
ent workloads and benchmark suites have different memory
usage patterns, and may yield improved throughput results at
different points on the tradeoff curves; ie; using a different
value of Nref.
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FIGS. 3A and 3B are graphs depicting exemplary relative
memory throughput of applications run under 1x and 4x
DRAM memory refresh settings. The performance measure-
ments shown are relative, and were collected running appli-
cations on a platform that included software to emulate and
record the effects of various DRAM refresh timings. Both
FIGS. 3A and 3B show performance results using 1xDRAM
refresh timings as a baseline for comparison to 4xDRAM
refresh timings.

FIG. 3A is a graph depicting memory throughput of six
high memory utilization applications run using 1x and
4xDRAM refresh timings, according to embodiments of the
invention. High memory utilization applications typically
make relatively frequent memory requests, and can be slowed
or stalled due to inadequate data throughput. Insufficient
memory throughput may result in a stalled memory transac-
tion queue, delayed access to a particular DRAM rank, or a
stalled processor waiting for data. High memory utilization
applications are best served by a DRAM refresh timing that
provides low latency, more frequent refresh. FIG. 3A shows
up to a 12% increase in performance for 4x refresh timing
(more frequent than 1x refresh timing) over a range of appli-
cations.

FIG. 3B is a graph depicting memory throughput of four
low memory utilization applications run using 1x and
4xDRAM refresh timings, according to embodiments of the
invention. Low memory utilization applications typically
make relatively infrequent memory requests, with possibly
larger amounts of data required per request than a high
memory utilization application. Low memory utilization
applications are best served by a DRAM refresh timing that
provides longer latency refresh commands, and infrequent
refreshes.

Insufficient access to memory for period of time (refreshes
too frequently) may result in an increase in average delay in
fulfilling pending memory read and write requests.

FIG. 3B shows up to a 9% increase in performance for 1x
refresh timing (less frequent than 4x refresh timing) over a
range of applications. FIGS. 3A and 3B illustrate that appli-
cations with certain types of memory throughput needs and
characteristic memory access patterns may experience
increased throughput from specific, tailored DRAM refresh
controller timings.

FIG. 4 depicts a flow chart of an exemplary process for
determining and setting initial refresh timing, running a
workload, monitoring, recording, and comparing throughput
results in order to determine, set, and adjust DRAM refresh
timing to run a workload with increased throughput, accord-
ing to embodiments of the invention.

The process 400 moves from start 402 to determine and set
initial refresh timing 404. At operation 404 the initial hard-
ware configuration may be evaluated through firmware at
boot time. The initial hardware configuration may include the
number of memory DIMMs installed, the number of memory
ranks and available channels, total memory capacity, and
memory density. The firmware may use initial hardware con-
figuration data as input to a lookup table or algorithm, and set
the initial DRAM refresh timing mode. The output from the
lookup table or algorithm may be a measure of parallelism of
the available memory, and is used as the decision criteria. A
processor and memory controller may also negotiate the ini-
tial DRAM refresh timing at boot time.

The process 400 moves to decision 406. At step 406, a
decision is made between implementing and not implement-
ing dynamic DRAM refresh timing adjustment. Firmware or
software may use criteria such as the number of memory
DIMMs installed, the number of memory ranks and available
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channels, total memory capacity, and memory density as
input to a lookup table or algorithm. The output from the
lookup table or algorithm may be a measure of parallelism of
the available memory, and is used as the decision criteria. If
the decision is not to implement dynamic DRAM refresh
timing adjustment, the process may end at block 424. If the
decision is to implement dynamic DRAM refresh timing
adjustment, the process moves to determine longest select-
able refresh interval 408. At step 408 the longest selectable
refresh interval is selected, which may be determined from
DRAM manufacturer’s specifications, or possible hard-
coded into the DRAM controller hardware. The processes
400 moves to step 410. At step 410, a workload is run for a first
number of refresh intervals (tREF1) using the selected refresh
timing. The workload may be a synthetic benchmark suite, or
a combination of one or more applications and processes.

The process moves to step 412, where the workload
throughput results are monitored and recorded. Monitoring
may include counting memory transactions on memory bus
510, receiving throughput information from a processor,
monitoring the status of transaction queue 504, a command
scheduler 530, or a cache. Throughput may be recorded in the
memory controller 502.

The process moves to step 414, where a workload is run for
a second number of refresh intervals (tREF1) using the second
refresh timing, different than the first refresh timing used in
step 410. The workload may be a synthetic benchmark suite,
or a combination of one or more applications and processes.
The process moves to step 416, where the workload through-
put results are monitored and recorded. Monitoring may
include counting memory transactions on memory bus 510,
receiving throughput information from a processor, monitor-
ing the status of transaction queue 504, a command scheduler
530, or a cache. Throughput may again be recorded in the
memory controller 502.

The process moves to decision 420. At step 420, the two
recorded workload throughput measurements of steps 412
and 416 are compared, and one of the first and second DRAM
refresh timings is chosen as that which corresponds to the
greater recorded throughput measurements. If the first
DRAM refresh timing corresponds to the greater workload
throughput measurement, the process moves to step 422. If
the second DRAM refresh timing corresponds to the greater
workload throughput measurement, the process moves to step
418.

Both steps 418 and 422 involve running the workload for a
predetermined time period. The predetermined time period of
steps 418 and 422 may be different in one embodiment, and
the identical in another. In second and following executions of
steps 418 and 422, one or both of these steps may include
replacing the first or second refresh timing with an additional
refresh timing.

The predetermined time period of steps 418 and 422 may
be much longer than the first or second number of refresh
intervals of steps 410 and 414, and may also correspond to
expected phase behavior of the particular workload being run.
After the predetermined time period of steps 418 and 422 had
expired, the process returns to step 410 to repeat steps 410,
412,414, 416, 420, and one of 418 and 422. The repetition of
steps described continues until the memory system is no
longer active.

FIG. 5 is a block diagram representation of a memory
controller 502, adapted to adjust DRAM refresh timing,
according to embodiments of the invention. The memory
controller 502 is comprised of a transaction queue 504, a
command scheduler 530, a refresh mode controller 532, a
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memory performance measurement unit 534, a command bus
524, a memory bus 510, and a processor command bus 528.

The memory controller 502 is coupled to a processor 526
through the processor command bus 528, and to a memory
512, through the memory bus 510. The processor 526
includes a throughput monitor 527. The memory 512 includes
one or more memory ranks 518. The function of the memory
performance measurement unit (MPMU) 534 is to receive
and measure workload throughput information from multiple
sources. The MPMU 534 is coupled to the memory bus 510,
the transaction queue 504 the command scheduler 530, and
the throughput monitor 527. The MPMU 534 may receive
processor core status, cache status, the number of memory
commands dispatched, or performance measurement infor-
mation from throughput monitor 527, and memory bus activ-
ity (number of commands dispatched within a time window)
information from memory bus 510. The MPMU 534 may also
receive transaction queue status (e.g., transaction queue full
or not, how long a time it was full, is transaction queue
occupied over some threshold, average number of commands
in the queue) from the transaction queue 504, and status (e.g.,
number of rejected commands due to command queue full,
tRFC timer status) from the command scheduler 530.

The MPMU 534 aggregates the above-listed workload
throughput information, and sends it to the refresh mode
controller 532. The functions of the refresh mode controller
(RMC) 532 are to receive performance input from MPMU
534, store workload throughput history, tRFC and tREFI (in
register values 536), and makes decisions based on workload
throughput history on which refresh setting will yield the
highest workload throughput. Once RMC 532 decides on an
appropriate refresh setting (1x, 2x, or 4x for DDR4), it sends
this information to the command scheduler 530. The RMC
532 is coupled to the MPMU 534 and the command scheduler
530. The RMC 532 keeps no long-term throughput history; it
performs only short term tracking of workload throughput
information.

A function of the transaction queue(s) 504 is to provide a
staging area for commands (read, write, and refresh) to be
issued in order to the memory 512. For simplicity of illustra-
tion only one transaction queue is shown in FIG. 5, however,
a memory system may have separate and/or multiple read,
write, and refresh transaction queues, based on the number of
ranks, or channels in the memory system.

The command scheduler 530 may make use of low priority
command path 520, medium priority command path 514, and
high priority command path 522 in conjunction with the
command bus 524 in order to place commands in the appro-
priate relative location (priority) within the transaction queue
504. Commands flow from left to right in figure as they are
dispatched to memory 512; commands on the far right in the
figure are the next to be sent to memory. The transaction
queue 504 may receive (3) types of commands from the
command scheduler 530: read, write and refresh. Exemplary
write commands 506, read commands 508, and refresh trans-
actions 516 are shown.

The function of the command scheduler 530 is to receive
refresh mode information from the refresh mode controller
532, and memory requests from the processor 526, and to
generate and appropriately place and arrange read, write, and
refresh commands within the transaction queue 504. The
command scheduler 530 may place generated commands in
priority positions in the transaction queue 504 based on a set
of rules; for example write commands may have a low prior-
ity, read commands may have a medium priority, and refresh
commands may have a high priority.
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The command scheduler 530 may also keeps track of
refresh operation timing through an internal timer function,
and DRAM cell retention time (tRET) information. The over-
all function of memory controller 502 is to monitor workload
throughput over a number of DRAM refresh settings, and
dynamically chose and implement the DRAM refresh setting
that will provide the highest workload throughput.

Although the present invention has been described in terms
of specific embodiments, it is anticipated that alterations and
modifications thereof may become apparent to those skilled
inthe art. Therefore, it is intended that the following claims be
interpreted as covering all such alterations and modifications
as fall within the true spirit and scope of the invention.

What is claimed is:

1. A memory controller to monitor and manage the
throughput of a dynamic application workload running on a
dynamic random-access memory (DRAM) system by peri-
odically adjusting a DRAM refresh timing granularity that
includes the duration of a DRAM refresh interval, the
memory controller comprising:

a refresh mode controller (RMC) electrically coupled to a
memory performance measurement unit (MPMU) and
to the command scheduler, the RMC having registers to
hold DRAM refresh mode information including a dura-
tion of a DRAM refresh interval, the RMC further hav-
ing circuits to receive aggregated dynamic application
workload throughput information sent from the MPMU,
and to, in response, select and send, to a command
scheduler, DRAM refresh mode information corre-
sponding to a highest throughput measurement from the
aggregated throughput information;

the MPMU, electrically coupled to receive dynamic appli-
cation workload throughput information from each of a
command scheduler, a transaction queue and a memory
bus, the MPMU having circuits to make, during the
execution of a dynamic application workload, dynamic
application workload throughput measurements based
upon a received dynamic application workload through-
put information and to combine the measurements into
aggregated dynamic application workload throughput
information; and

acommand scheduler, electrically coupled to the RMC and
to the transaction queue, the command scheduler having
circuits to receive refresh mode information from the
RMC, and to generate and place memory commands
within the transaction queue.

2. The memory controller of claim 1, wherein the com-
mand scheduler further includes circuits configured to, in
response to the DRAM refresh mode information received
from the RMC, control the transaction queue by generating,
inserting and re-ordering memory refresh commands within
the transaction queue.

3. The memory controller of claim 1, wherein the MPMU
further includes circuits configured to monitor at least one
indicator of a group consisting of: a number of commands
dispatched to memory devices within a first time period and a
number of commands received from a processor coupled to
the command scheduler, within a second time period.

4. The memory controller of claim 1, wherein the MPMU
further includes circuits configured to monitor status of the
transaction queue, including at least one indicator of a group
consisting of: a number of commands in the transaction
queue, a time-based history of the number of commands in
the transaction queue, and an average number of commands
in the transaction queue.

5. The memory controller of claim 1, wherein the MPMU
further includes circuits configured to monitor at least one
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command scheduler status indicator of a group consisting of:
a count of commands rejected in response to a full command
queue and a time needed to complete each refresh operation.

6. The memory controller of claim 1, wherein the MPMU
further includes circuits configured to monitor a “request
queue full” status of a cache.

7. The memory controller of claim 1, wherein the MPMU
further includes circuits configured to receive and monitor at
least one status indicator of a group consisting of: a processor
core status and a measured processor throughput.

8. The memory controller of claim 1, wherein the RMC
further includes circuits configured to run the dynamic appli-
cation workload for a predetermined period of time using a
selected DRAM refresh timing granularity.

9. The memory controller of claim 1, wherein the RMC
further includes circuits configured to determine a longest
selectable DRAM refresh interval between a start of a first
refresh command and a start of a next refresh command
issued to a DRAM memory device.

10. The memory controller of claim 1, wherein the RMC
further includes circuits configured to select a DRAM refresh
timing granularity that includes a time period between a start
ofafirst DRAM refresh command and a start of anext DRAM
refresh command, the DRAM refresh timing granularity fur-
ther including an amount of time consumed by each refresh
operation.

11. The memory controller of claim 7, wherein the RMC
further includes circuits configured to store one or more of the
dynamic application workload throughput measurements
within a memory controller.
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